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Cyanobacteria fix carbon within carboxysomes.
Here, RubisCO and carbonic anhydrase are coen-
capsulated within a semipermeable protein shell
built from paralogs of the CcmK proteins. Crystal
packing patterns suggest that the shell facets may
be built as a single layer of CcmK molecules
tiled hexagonally in a continuous sheet. We used
fluorescence resonance energy transfer (FRET) to
measure interactions mediated by CcmK paralogs
from Thermosynechococcus elongatus. CcmK2—
an abundant, universally present paralog—shows
uniquely strong self-interactions. The CcmK2 struc-
ture reveals a back-to-back dodecameric organiza-
tion, with interactions mediated by a helix comprised
of residues 95–101. Modeling indicates that this do-
decameric interaction could seamlessly fuse two
sheets into a double-layered shell. This model
predicts several aspects of CcmK2 interactions,
including the attenuation of FRET by Glu95Ala vari-
ants at the dodecameric interface. This model also
accurately predicts the observed shell thickness,
implying that the b-carboxysome shell is most likely
organized as a double layer.
INTRODUCTION
Approximately one in five bacterial strains have the capacity to
partition off substantial subvolumes of the cytoplasm as organ-
elle-like microcompartments (Kerfeld et al., 2010). These
100 nm scale polyhedral bodies use a thin protein shell to
encapsulate a handful of enzymes acting sequentially in a
specific carbon assimilation and/or energy generation pathway.
Carboxysomes, the best-characterized microcompartments,
occur in two varieties—a and b—which are distantly related
and may have converged on the same function. Carboxysomes
serve as the site of carbon fixation in cyanobacteria and chemo-
autotrophic bacteria (Espie and Kimber, 2011; Shively et al.,
1973). These organisms actively pump HCO3
 into the cytosol,
which diffuses through small pores in the carboxysomal shell
and is converted to CO2 by encapsulated carbonic anhydrase
(Figure 1A). At the ensuing high concentrations, CO2 can beStructure 20, 1353efficiently fixed by ribulose-1,5-bisphosphate carboxylase/
oxygenase (RubisCO), which occupies the bulk of the carboxy-
some’s interior. This elaborate arrangement is needed because
CO2 is lipophilic and rapidly dissipates across cellular
membranes, while the carboxysome’s protein shell is able to
present an effective barrier to CO2 escape (Heinhorst et al.,
2006). The protein shell also appears to be a key functional
component in other microcompartments; for example, in the
ethanolamine utilization (eut) and propanediol utilization (pdu)
microcompartments, the shell is proposed to act to prevent
the escape of volatile and/or reactive intermediates into the
bulk cytoplasm (Yeates et al., 2010).
A combination of structural, protein-protein interaction, and
other studies has led to a preliminary model of the composition
and organization of the carboxysome (Figures 1B and 1C).
Microcompartment shells are made up of proteins from two
families—Pfam00936 (known as the bacterial microcompart-
ment (BMC) protein family) (Kerfeld et al., 2005) and
Pfam03319 (Tanaka et al., 2008). Indeed, the presence of one
or more genes encoding each of these is considered diagnostic
of an organism’s ability to produce a microcompartment. In
b-carboxysomes, the structures of the BMC proteins CcmK1,
CcmK2, andCcmK4 fromSynechocystis sp. PCC6803 are highly
similar, with six protomers with a thioredoxin-like fold forming
a six-membered ring with a regular hexagonal outline. One
face of the hexamer is distinctly concave, whereas the other is
almost flat and is termed the convex face; at the center of the
hexamer is a small (approximately 4–7 A˚) central hydrophilic
pore (Kerfeld et al., 2005; Tanaka et al., 2009). In multiple crystal
structures (including lower resolution electron microscopy struc-
tures of two-dimensional [2D] CcmK crystals grown on lipid
bilayers [Dryden et al., 2009]), individual BMC hexamers pack
as layers of continuous sheets, characterized by regular hexag-
onal tiling (with a 67–69 A˚ center-to-center distance) and either
no, or only small, gaps between adjacent hexamers. Lateral
contacts between adjacent BMC domains are mediated by
a set of highly conserved residues (Kerfeld et al., 2005; Tanaka
et al., 2009; Tsai et al., 2007, 2009). Similar packing arrange-
ments have also been observed in the a-carboxysomal BMC
proteins CsoS1A and CsoS1C (Tsai et al., 2007, 2009), as well
as EutL and EutM from the eut (Takenoya et al., 2010; Tanaka
et al., 2010), and PduA and PduT from the pdu microcompart-
ments (Crowley et al., 2010; Pang et al., 2011). This character-
istic packing in BMC crystals is argued to reflect the arrange-
ment of molecules within the shell (Kerfeld et al., 2005), with
each facet therefore being comprised of some 200 hexamers–1362, August 8, 2012 ª2012 Elsevier Ltd All rights reserved 1353
Figure 1. Role and Organization of b-Carboxysomes
(A) Schematic representation of the role of the carboxysome in carbon fixation. Inorganic carbon is pumped into the cytosol in the form of bicarbonate and enters
the carboxysome through small pores. The carboxysome encapsulates carbonic anhydrase—which converts bicarbonate into CO2—and RubisCO, which uses
ribulose bisphosphate (RuBP) and CO2 to form two molecules of 3-phosphoglycerate (3-PGA). The carboxysome is required as its shell is relatively CO2
impermeable compared to cellular membranes.
(B) Schematic representation of the T. elongatus carboxysome; colors correspond to the gene names in Figure 1C. The shell is built predominantly from multiple
copies of the six BMC protein paralogs (shades of blue/purple), of which CcmK2 is by far the most abundant. The interior contains predominantly RubisCO,
whereas CcmM is both an active carbonic anhydrase and an important protein for organizing the various internal proteins. Note that many details in this figure
(such as the organization of the facet edges) are conjectural.
(C) Carboxysome gene organization in T. elongatus. Note that carboxysomes in this species are somewhat atypical, with CcmK3a and CcmK4a replacing the
more usual CcmK3 and CcmK4, and the b-carbonic anhydrase, CcaA, being absent.
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(11 kDa), the Pfam03319 family member in b-carboxysomes,
forms pentamers with a truncated pentagonal pyramid shape.
The edge length of this pyramid is commensurate with the
BMC hexamer edge length, and modeling indicates that CcmL
could potentially fit into the pentameric gaps left at the vertices
of the icosahedral particle, where five edges meet; details of
how this might occur, including whether the concave or convex
side of CcmK abuts the carboxysome lumen, is presently unre-
solved (Tanaka et al., 2008).
Although this model for the organization of the shell is appeal-
ingly intuitive, it rests predominantly on a series of parallels
between the crystal structures of microcompartment shell
proteins and the geometric properties of icosahedral viruses.
There have been very few direct tests of the assumptions under-
pinning this model, andmany details, such as the role of the large
number of structurally similar paralogs of BMCproteins (including
CcmK1-4, CcmO, and a CsoS1D-like protein [Klein et al., 2009])
are not addressed. One idea is that all of these paralogs are archi-
tecturally interchangeable in the final shell but recognize and
passage different metabolites. An alternative idea is that different
paralogs are required as they play distinct roles in the assembly
and organization of the shell. Currently available evidence does
not resolve these issues: there is no evidence showing that any
given BMC protein recognizes a specific metabolite, and there
is no data addressing how unlike BMC proteins interact. Here,
we report crystal structures for CcmK2 and CcmK1 and show1354 Structure 20, 1353–1362, August 8, 2012 ª2012 Elsevier Ltd Althat fluorescence resonance energy transfer (FRET) can be
used to quantitatively measure interactions between various
CcmK paralogs. We show that CcmK paralogs strongly discrimi-
nate amongpotential interactionpartners,withCcmK2’s uniquely
strong self-interaction reflecting an unusual concave-to-concave
double-sheet organization that could potentially reflect an impor-
tant architectural feature of the mature carboxysome.
RESULTS
T. elongatusCcmK2 Forms DodecamersMediated by an
Ordered C-Terminal Helix
We determined two structures for T. elongatus CcmK2 and one
for a CcmK1D102 construct (deleting residues 103–113, which
are unique to CcmK1). CcmK2 form-1 crystals (diffracting to
2.2 A˚) are tetragonal with six molecules per asymmetric unit;
the CcmK2 form-2 crystals (1.6 A˚) are hexagonal with two mole-
cules per asymmetric unit (each part of a separate hexameric
ring); and the CcmK1D102 crystals (2.05 A˚) are orthorhombic
with six molecules per asymmetric unit. T. elongatus CcmK2
and CcmK1 are 94% identical to one another, though CcmK1
has a semiconserved, basic, 9 to 13 amino acid C-terminal
extension (omitted in our construct). T. elongatus CcmK2 and
CcmK1 are 92% and 90% identical, respectively, to the corre-
sponding Synechocystis sp. PCC6803 proteins (Kerfeld et al.,
2005; Tanaka et al., 2009), and the overall organization of
these structures are all highly similar. In brief, the protomer isl rights reserved
Figure 2. Structure of CcmK2
(A) Structure of the CcmK2 form-1 protomer, with secondary structure labeled.
(B) The CcmK2 form-1 hexamer viewed down the 6-fold axis; the protein
surface is shown as a transparent overlay. Note that individual aD helices
within the hexamer do not interact.
(C) Glycerol (yellow) binds in the pore, forming hydrogen bonds with either the
amide nitrogen or the hydroxyl of three of the six copies of Ser39. Electron
density is contoured at 1.5 s. Note that the pore in this configuration has an
irregular shape, with a diameter of 4.8 3 6.5 A˚.
(D) Glycerol binding in the pore; the two front protomers have been omitted for
clarity. The pore lining loop to the right of the pore is shown with all six pro-
tomers in the asymmetric unit superposed. Glycerol is bound in the pore by
adjustments in the pore lining loop, including the side chain of Ser39.
(E) Organization of the aD helix in CcmK2 form-1. Residues 94–101 are shown
as cyan sticks, whereas the rest of the structure is shown as a transparent
Structure
b-Carboxysomal Shells May Be Double Layered
Structure 20, 1353organized as a four-stranded, antiparallel b sheet with
topology 2,-3,1,4 (Figure 2A), with two long helices, aA (linking
b1 to b2) and aB (linking b3 to b4) packing along one face of
the sheet, and a short helix, aC packing along the opposite
concave face. Six protomers are assembled into a hexameric
ring, with a regular hexagonal outline and a small central pore
(Figure 2B), which in the CcmK2 form-1 structure is occupied
by a well-ordered glycerol molecule. In all three of our struc-
tures—and in contrast to all previously determined CcmK2 and
CcmK1 structures in which these residues were either deleted
or disordered (Tanaka et al., 2009) (we consider the inward
pointing helices in 2A1B to be problematic as they do not
make meaningful contact with the rest of the structure; possibly
these residues are built into electron density from an additional
twin-disordered layer of molecules between the two ordered
molecular layers)—residues 95–101 form a helical motif, aD,
which covers an otherwise exposed hydrophobic patch on the
concave face of the hexamer. In the CcmK2 form-1 structure
aD adopts a 310 helical conformation, interrupted by a sharp
kink (Figure 2E); this conformation is similar to that previously
seen in Synechocystis sp. PCC6803 CcmK4 (Figure S1A, avail-
able online) (Kerfeld et al., 2005). Atomic displacement parame-
ters for these residues are lower than for the rest of the structure,
and electron density is clearly defined for all atoms at 1.5 s
(Figure S1E), implying that this is a stable configuration. These
residues are also ordered in the CcmK2 form-2 crystals, but
aD is reorganized to form an unkinked a-helix, which is signifi-
cantly displaced in position and orientation from form-1 (Figures
2F and 2G; Figures S1J–1M). Despite the substantially higher
resolution, electron density for aD in this structure is weaker
than for form-1, and atomic displacement factors are relatively
high, suggesting that this is a less stable configuration (Fig-
ure S2F). This impression is reinforced by the CcmK1D102 struc-
ture, where five protomers adopt the form-1 conformation, while
the sixth adopts the form-2 conformation only where the form-1
conformation is blocked by a crystal contact (Figures S1G, S1H,
and S1J). In comparing the two helical conformations, the whole
arrangement pivots about Val97, acting as a fixed fulcrum, while
the phenyl ring of Phe100 remains anchored but rotates in posi-
tion so that the Cb group protrudes from positions differing by
120 in the two structures (Figure 2F).
In the form-1 structure, two symmetry-related CcmK2 hexam-
ers interact through their concave faces to form a D6 symmetric
dodecamer, with the interaction burying 225 A˚2 per protomerwhite surface and cartoon. The helix shows a 310 hydrogen bonding pattern,
with a distinct break in its middle, and is anchored in the hydrophobic groove
formed by aC and b2 from adjacent protomers. In panels (E–G), the view is
parallel to the 6-fold axis.
(F) Superposition of the aD helices from the form-1 (cyan) and form-2 (beige)
structures. Note that the phenyl ring of Phe100 remains fixed in place, with the
helix end pivoting around this fixed point.
(G) Organization of the aD helix in CcmK2 form-2. This helix in this confor-
mation is unkinked and shows a-helical hydrogen bonding.
(H) Organization of the dodecamer in the CcmK2 form-1 crystals.
(I) Details of the interring contacts in the CcmK2 form-1 dodecamer. A low-
barrier hydrogen bond is observed between each copy of Glu95 and Glu98
from the opposite ring. The interactions are also stabilized by electrostatic
interactions between Glu95 and both Arg92 and Arg101 of the opposite ring.
See also Figure S1.
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Table 1. FRET between Various CcmK Paralogs
Donor Labeled (1 mM)
CcmK1 CcmK2 C-His CcmK4a
Acceptor
Labeled
(10 mM)
CcmK1 17.3 ± 0.5 42.0 ± 0.3 nd
CcmK2 C-His 41.0 ± 0.8 87.9 ± 1.0 nd
CcmK2 N-His 34.7 ± 2.9 88.0 ± 1.4 nd
CcmK4a 35.5 ± 2.0 17.3 ± 1.2 22.1 ± 0.7
Values are based on three replicates and report the percent reduction in
fluorescence intensity relative to a donor-only sample, ± SD.
nd, experiment was not done.
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on Synechocystis sp. PCC6803 CcmK2, where size-exclusion
chromatography, equilibrium ultracentrifugation, and native gel
electrophoresis experiments are all consistent with a hexamer/
dodecamer equilibrium (Tanaka et al., 2009). All interactions
between hexamers are mediated by the aD helix. The only direct
hydrogen bonds between paired protomers are the close
(2.4–2.6 A˚) hydrogen bonds between the carboxylate groups of
Glu95 andGlu98 (Figure 2I). Such close interaction of two groups
with similar pKa’s is indicative of the formation of an unusually
stable (on the order of 15 kcal/mol) low-barrier hydrogen bond
(Cleland, 2000). The dodecamer is also stabilized by electro-
static interactions, with the carboxylate group of Glu95 being
positioned 3.9–5.0 A˚ from the guanidine groups of both Arg92
and Arg101 on the opposite ring. In effect, each aD helix forms
a series of electronegative ridges, separated by electropositive
grooves; in forming a dodecamer, the ridges slot into the
grooves, bringing complementarily charged surfaces together
(Figure S1D). The form-2 structure also shows a dodecamer-
like interaction but one in which the top ring is rotated approxi-
mately 5 from its position in the form-1 structure (Figures S1B
and S1C). Given the reduced interactions between rings,
including the absence of any hydrogen bonds, and the relative
disorder of residues at the interface (Figure S1F), including
Glu95, which gel shift experiments indicate should be essential
for dodecamer formation (Figure S2B), it is unlikely that this
interaction mode is the functionally relevant one. It is interesting
to note that no dodecamer-like interactions are observed in the
CcmK1 structure, despite all of the interacting motifs being
identical in sequence.
CcmK2 Interacts Significantly More Strongly with Itself
than Any Other Paralog Pair
FRET exploits a nonradiative mode of energy transfer between
a donor fluorophore in an excited state and an acceptor fluoro-
phore in the ground state, to report on proximity of label pairs.
We engineered a cysteine residue into the relatively noncon-
served position 71 (on the convex face) in CcmK1, CcmK2,
and CcmK4a (CcmK4a is the fourth CcmK paralog in
T. elongatus; it is more similar to CcmK2 than to Synechocystis
CcmK4) and then labeled proteins with IAEDANS (donor) or
5-IAF (acceptor). Proximity between donor and acceptor can
be observed as a reduction in donor fluorescent intensity after
equilibration with an acceptor labeled sample. Reactions were
incubated at 55C, the optimum growth temperature for
T. elongatus (Nakamura et al., 2002), as the FRET signal equili-1356 Structure 20, 1353–1362, August 8, 2012 ª2012 Elsevier Ltd Albrates far faster than at 20C (Figure S2A). Contrary to the null
hypothesis that different CcmK paralogs interact interchange-
ably, the three CcmK paralogs tested (CcmK1, CcmK2, and
CcmK4a) each showed a distinct pattern of preferred interac-
tions (Table 1). The CcmK2-CcmK2 interaction shows by far
the strongest FRET signal, at 88%. This result holds whether
the protein has a His-tag at the N terminus or C terminus, indi-
cating that the tag does not appreciably interfere with the inter-
action. All other interactions measured are considerably weaker.
Despite the 94% sequence identity between CcmK2 and
CcmK1, the CcmK1-CcmK1 interaction reduces fluorescence
only 17%, whereas the CcmK2-CcmK1 reduces fluorescence
by 42%. CcmK4a interacts most strongly with CcmK1 (36%
reduction in fluorescent intensity), with only weak CcmK4a-
CcmK4a (22%) and CcmK4a-CcmK2 interactions (17%).
FRET Suggests a Double-Layered CcmK2 Interaction
Geometry
Themultiplicity of labeling sites in this system results in a compli-
cated relationship between the measured fluorescence signal
intensity and the geometry of interaction; however, structural
models allow the FRET data to be rationalized. Using our
form-1 dodecamer and crystal packing in 3DNC, we built a
dodecameric, a single-sheet, and a double-sheet model. We
measured distances to all potential acceptor sites within 100 A˚
of a given donor (Figure 3C) and then computationally simulated
(using perl) a large population of molecules in each relevant
geometry. In calculating the predicted reduction in fluorescence
intensity, the probability of a given acceptor site being labeled is
equal to the acceptor labeling efficiency. The labeling sites in the
CcmK2 dodecamer are quite distant relative to the Fo¨rster
distance (the closest pair are some 65 A˚ apart), so the maximum
fluorescent reduction predicted for a fully equilibrated population
of dodecamers would be around 46%—well short of the 88%
reduction in fluorescent intensity observed for the CcmK2-
CcmK2 interaction (Table 2). Single- or double-shell models
appear a much better fit, predicting a maximal fluorescence
reduction of 92%. The imperfect fit to the model likely arises
from simplifying assumptions—for example, neither edge effects
(donor-labeled molecules at the sheet periphery are not fully sur-
rounded by acceptors) nor incomplete complex formation (some
donors may remain dissociated as hexamers) are accounted for.
The two models show a similar FRET signal because the sixth
power falloff of FRET with distance results in the presence of
one or more acceptors close to the donor largely masking
more distant acceptors. This masking can be circumvented
in acceptor titration experiments, where a fraction of the
acceptor-labeled protein is replaced with its unlabelled equiva-
lent. If acceptor-labeled molecules are relatively rare, many
donors will have no acceptors as immediate lateral neighbors;
the presence of a second-shell layer would provide additional
opportunities for FRET, without this weaker signal being over-
whelmed by more nearby acceptors. The results of this experi-
ment are seen in Figure 3C, where the data for CcmK2-CcmK2
interaction fits more closely to what is predicted by the double-
shell model than by the single-shell or dodecamer model, espe-
cially at low acceptor ratios.
Glu95 appears to be the key residue in stabilizing the form-1
dodecamer and hence our double-shell model. To test whetherl rights reserved
Figure 3. CcmK2 Forms Concave-to-Concave Double Sheets
(A) CcmK2 dodecamers can readily be accommodated in a concave-to-concave sheet packing arrangement, with minimal adjustment of canonical single sheet
packing. The CcmK2 form-1 dodecamer (cyan) was superimposed separately on two adjacent hexamers ofSynechocystis sp. PCC6803CcmK2 (3DNC), which is
proposed to recapitulate packing in the carboxysome facet; a second pair of 3DNC hexamers was then superposed on the upper hexamer of the left dodecamer
(yellow). The figure shows the upper layer only for clarity. Note that the differences and errors from three successive superpositions are mapped onto the
rightmost pair of hexamers but are smaller than the differences observed between sheet-like packing arrangements among various CcmK2 crystal forms.
(B) Model for a double-layered sheet, derived by combining the dodecameric interactions in the form-1 CcmK2 crystal with lateral packing interactions from
3DNC. The lower layer is shown as a white surface and the upper layer is shown as color-graded ribbons. The inset shows a slice through the centers of three
adjacent dodecamers in this layer, with the surface colored by electrostatic potential.
(C) Effect of acceptor dilution on fluorescence intensity reduction in CcmK2-CcmK2 interactions. Donor-labeled CcmK2 was incubated with varying amounts of
acceptor-labeled CcmK2, whereas unlabelled CcmK2 was added to keep the total amount of protein constant. The experimental values are compared to the
values predicted by a dodecamer, single- and double-shell models are shown below. One donor hexamer (yellow surface) is shown, with labeling sites (Glu71)
shown as orange spheres. Acceptor sites on adjacent molecules (white surfaces) are shown in green. Potential FRET interactions for one donor (red) are shown as
dashed lines. Dark blue, cyan, and gray dashes denote close (<50 A˚), intermediate (50–75 A˚), and long-range (75–100 A˚) acceptor interactions, respectively. In the
experiment, some potential labeling sites will be unoccupied (as labeling efficiency is <100%), whereas altering the acceptor-labeled to unlabelled CcmK2 ratio,
will proportionately cause individual acceptor-labeled hexamers to be randomly replaced with an unlabelled hexamer.
(D) Effect of different CcmK2 protein variants on the FRET signal. Data is from three replicates, error bars represent SD. Mutation of Glu95 at the dodecamer
interface significantly reduces the fluorescence signal, with the effect being more marked when both the donor- and acceptor-labeled molecules have this
mutation. Labeling CcmK2 at position 36 rather than 71 reduces the fluorescent signal to levels seen for the weakest CcmK paralog interactions. Labeling this site
with bulky fluorophores would effectively preclude dodecamer formation; together, this data suggests that the uniquely strong interaction exhibited by CcmK2 is
dependent upon forming dodecamers.
(E) Sequence conservation of the C-terminal residues of various CcmK paralogs. Note that the critical hydrophobic (green circles) acidic (red circles) and basic
(blue circles) residues of aD that mediate interactions with the rest of the protein, as well as form the dodecamer, aremuchmore conserved in CcmK1 andCcmK2
than in CcmK3 or CcmK4. Strains are S6803: Synechocystis sp. PCC6803; S7942: Synechococcus sp. PCC 7942; A7120: Anabaena sp. PCC7120; T_elo:
Thermosynechococcus elongatus BP-1; Gloeo: Gloeobacter violaceus PCC7421; 3-3ab: Synechococcus sp. JA-3-3Ab.
See also Figure S2.
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FRET signal, the E95A construct was tested using FRET (Fig-
ure 3D). With only the acceptor having the E95A variant, the
FRET signal is attenuated to from 87% to 69%; when the E95A
variant was used as both donor and acceptor, the FRET signal
is further attenuated, to 59%, consistent with the observation
that Glu95 is needed on each ring to form hydrogen bonds
with Glu98 on the opposite ring. The CcmK2 E95A mutant, like
the CcmK2D91 construct of both the T. elongatus and the Syn-
echocystis protein (Tanaka et al., 2009), runs as a single oligo-Structure 20, 1353meric species when analyzed by native gel electrophoresis,
compared to two distinct oligomeric forms observed for wild-
type protein (Figure S2B). In addition, protein labeled on the
concave side of the hexamer (using the K36C as the labeling
site) exhibits much weaker interaction than the E71C protein—
with only a 17% reduction in fluorescent intensity (Figure 3D).
Modeling indicates bulky fluorophore groups added at this site
would preclude CcmK2 forming a dodecamer; the large reduc-
tion in the FRET signal is consistent with the idea that dodecamer
formation is required for strong lateral interactions.–1362, August 8, 2012 ª2012 Elsevier Ltd All rights reserved 1357
Table 2. Data Collection and Refinement Statistics
CcmK2
(Form 1)
CcmK2
(Form 2) CcmK1D102
Crystallographic Data Collection Statistics
Space group P41212 P6 P212121
Cell dimensions
a = 83.36 A˚ 74.05 78.4
b = 83.36 A˚ 74.05 78.6
c = 226.86 A˚ 66.4 110.8
Wavelength (A˚) 1.0000 0.97910 0.97910
Resolution (A˚) 40–2.2 32–1.6 50–2.05
Total observations 294,316 208,105 340,559
Unique observations 41,410 27,433 43,990
Completeness
(last shell)a
0.995
(0.984)
0.992
(0.999)
0.982
(0.836)
< I/s(I) > (last shell)a 14.2 (2.5) 16.1 (5.0) 14.9 (3.1)
Rsym (last shell)
a 0.050
(0.525)
0.058
(0.364)
0.087
(0.664)
X-Ray Structure Refinement Statistics
Rcryst 0.187 0.153 0.163
Rfree
b 0.234 0.175 0.211
Asymmetric unit contents
Protein chains 6 2 6
Water molecules 224 134 213
Other molecules 1 glycerol
4 Cl
2 SO4 1 Cl

Average B-factor (A˚2)
Protein 59.8 32.9 47.2
Water 55.3 36.6 44.6
Small molecules 68.9 55.2 108
Rmsd bond lengths (A˚) 0.013 0.007 0.019
Rmsd bond angles () 1.961 0.890 1.785
Ramachandran favored (%) 98.1 100 99.3
Ramachandran outliers (%) 0.17 0 0
aThe last shell includes all reflections between 2.28 and 2.20 A˚ for the
CcmK2 form 1 structure, 1.63 to 1.60 A˚ for the CcmK2 form 2 structure,
and 2.1 to 2.05 A˚ for the CcmK1D102 structure.
bRfree calculated using 5% of the data, which were chosen randomly.
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Glycerol Models Asymmetric Metabolite Binding
in the Symmetric CcmK2 Pore
Most BMC protein oligomers are perforated by a central pore
that is proposed to act as the main route for metabolites to
access encapsulated enzymes (Kerfeld et al., 2005). All known
BMC proteins show overall 6- or 3-fold symmetry (in cases in
which two BMC domains are fused head-to-tail), which is
required in order to conform to the local hexagonal symmetry
of the facet in which these proteins are embedded. This
symmetry, however, also necessarily extends to the pore, which
still somehow needs to recognize, and selectively passage, a
specific set of generally asymmetric metabolites. In the CcmK
paralogs, the b2-b3 loops of all six protomers meet in a camera
aperture-like arrangement, with each loop packing on its nearest1358 Structure 20, 1353–1362, August 8, 2012 ª2012 Elsevier Ltd Alsymmetry equivalent neighbors; the amide nitrogens of Ser39
abut the narrowest constriction of the pore. In two previously
reported CcmK1 structures, as well as our CcmK2 form-2 struc-
ture, sulfate is modeled in the central pore. This binding mode
has been argued to be a reasonable analog for the binding of
bicarbonate, or for the phosphate groups of ribulose-1-5-
bisphosphate and 3-phosphoglycerate (Tsai et al., 2007), with
the idea that the 6-fold symmetric pore primarily recognizes
locally 3-fold symmetric features of metabolites. However,
sulfate, phosphate, and bicarbonate are actually too small to
form strong hydrogen bonds simultaneously with opposite sides
of the 8 A˚-wide pore. In the CcmK2 form-1 structure, clear elec-
tron density corresponding to a glycerol molecule (present in the
buffer at 5% vol/vol) spans the width of the central pore (Figures
2C and 2D). To accommodate this asymmetric ligand, Gly38 and
Ser39 shift up to 1 A˚, with the amide nitrogen of Ser39 of chains B
and E forming hydrogen bonds with the 1- and 3-OH groups of
glycerol, and Og of Ser39 of chain A hydrogen bonding to the
glycerol 2-hydroxyl group. Interestingly, the opposite sides of
the pore mirror one another, retaining an overall approximately
2-fold symmetric arrangement with a 4.83 6.5-A˚-diameter aper-
ture. It is worth noting that glycerol, like ribulose-1,5-bisphos-
phate and 3-phosphoglycerate, is a linear polyalcohol, and
indeed, resembles a fragment of either molecule. The observed
glycerol-binding mode suggests that the symmetric CcmK pore
can exploit its inherent structural plasticity to conform to and
bind its asymmetric ligands in an asymmetric fashion. However,
this also suggests that the CcmK pores are not ‘‘preorganized’’
into a conformation ideal for recognizing a specific metabolite
and are likely to show—at best—weak specificity for ligands.
CcmK Paralogs Show Distinct Preferences in Their
Interaction Partners
We have used FRET to show directly that different CcmK para-
logs can interact with one another, and furthermore, exhibit
distinct preferences in terms of how strongly they interact with
various paralogs. CcmK2, in particular, interacts far more
strongly with other CcmK2 molecules than any other permuta-
tion of paralogs. Interactions mediated by CcmK1 and CcmK4a
appear considerably weaker: CcmK1 self-interacts weakly but
interacts better with CcmK4a or CcmK2, whereas CcmK4a pref-
erentially interacts with CcmK1 (Table 1). This hierarchy of inter-
action strengths is interesting, as it possibly suggests that
CcmK1 may preferentially surround CcmK4a and help incorpo-
rate it into the predominantly CcmK2 shell. The marked differ-
ence in interaction strength between CcmK2 and CcmK1 is
notable in that the residues they are proposed to use to mediate
lateral tiling are identical. The unusually strong CcmK2 self-inter-
action is particularly interesting in the context of other indications
that CcmK2 is probably central for b-carboxysomal shell forma-
tion. CcmK2 is highly conserved (pairwise sequence identities
around 94%) and is the only universal CcmK paralog in b-cyano-
bacteria—CcmK3 and CcmK4 are absent in basal cyanobacte-
rial species, such as Gloeobacter, whereas in strains, such as
Synechococcus sp. PCC7942, CcmK1 is absent (Long et al.,
2010). In the latter organism, CcmK2 is the only shell protein
detectable in carboxysome enrichments, implying it is by far
the most abundant (Long et al., 2007, 2010) (note these papers
confusingly call CcmK2 ‘‘CcmK1’’—see Espie and Kimber,l rights reserved
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strong interactions exhibited in our FRET studies suggests that
CcmK2 is central to the organization of the b-carboxysomal
facet, with other BMC paralogs likely playing ancillary roles.
Structural and FRET Studies Suggest CcmK2 Forms
a Concave-to-Concave Double Sheet, At Least In Vitro
Thermosynechococcus CcmK2 form-1 crystals suggest that the
protein can organize as a concave-to-concave dodecamer, with
the interactions between opposing hexamers being mediated
by aD, a motif that was disordered in earlier structures. Interest-
ingly, this motif appears to be cable of adopting a second helical
conformation in addition to the one used to form the dodecamer,
though the biological significance of this second conformation is
unclear. The inter-ring interactions in the form-1 crystals bury
1,350 A˚2 per ring and are less stable, according to PISA, than
one would expect for an in vivo oligomer; a naive conclusion
might therefore be that these interactions are a crystal-packing
artifact of no biological relevance. However, this estimate
ignores the large stabilizing contribution from the 12 low-barrier
hydrogen bonds; in addition, PISA and similar tools are opti-
mized to detect strong, essentially irreversible oligomeric inter-
actions and, for example, judge the lateral packing interactions
among BMC molecules to be biologically irrelevant. Despite
the equivocal computational prediction on the basis of the struc-
ture, native gel electrophoresis clearly shows that CcmK2 is
found in solution as a hexamer/dodecamer equilibrium that
depends upon Glu95, and an intact aD helix (Figure S2B), con-
firming an earlier finding in Synechocystis CcmK2 (Tanaka
et al., 2009). Interestingly, there are three additional examples
of BMC proteins that form concave-to-concave dodecamers.
CsoS1D is an a-carboxysomal protein that forms a double ring
of trimers (where each protomer is comprised of two BMC
domains). This structure is asymmetric in that one ring is open,
while the other is closed (Klein et al., 2009). The two rings would
require somewhat different interaction environments to be incor-
porated into sheet-like packings, but their relative orientations
does seem suitable for aligning two sheets of proteins. Interest-
ingly, omitting CsoS1D from recombinant carboxysomes was
recently shown to result in an irregular shell, arguing that this
protein has an essential role in organizing a-carboxysomes (Bo-
nacci et al., 2012). In addition to this protein, PduU (Crowley
et al., 2008) also shows a strong concave-to-concave dodeca-
meric interaction not noted in the original analysis, and a BMC
protein fromDesulfobacterium (3NWG) forms a symmetric pseu-
dododecamer, where opposing rings again align at an angle
very similar to what is seen in CcmK2. Thus, concave-to-
concave (pseudo)dodecamerization is a feature common to
BMC proteins from four distinct microcompartments, but the
interaction in each case is mediated by a different set of resi-
dues. This suggests that BMC protein dodecamerization, while
not conserved in a strict sense, is a recurring theme and may
play a significant role in microcompartment organization and
functioning.
Crystal structures (including 2D crystals) of BMC proteins
normally show layers of hexagonal molecules tiling in a sheet;
this single-layer sheet organization is proposed to reflect the
organization of BMC proteins in the facets of microcompart-
ments (Crowley et al., 2010; Dryden et al., 2009; Kerfeld et al.,Structure 20, 13532005; Pang et al., 2011; Takenoya et al., 2010; Tanaka et al.,
2009, 2010; Tsai et al., 2007, 2009). It should be noted that
such lateral tiling interactions seem dependent upon crystalliza-
tion conditions, with EutM, for example, forming extended 2D
sheets in crystals grown with high salt (3MPW and 2MPY)
(Takenoya et al., 2010) but occurring as isolated hexamers
when crystallized with polyethylene glycol (3I6P) (Tanaka et al.,
2010). The concave-to-concave dodecamer formed by CcmK2
suggests the possibility that the b-carboxysome facetmay rather
assemble as a double layer of molecules—an idea that has been
previously suggested as an explanation for the double-ringed
CsoS1D structure from the a-carboxysome (Klein et al., 2009).
Consistent with this idea, the aD to aD interactions between
layers observed in our dodecamer structures are
fully compatible with the lateral interactions observed in the
Synechocystis sp. PCC6803 CcmK2 crystal structures, assem-
bling into a double-shell model with almost no perturbation of
either contributing interaction mode (Figures 3A and 3B). This
is nontrivial, as it is only possible if the 2-fold rotational symmetry
axis of the dodecamer is exactly perpendicular to the translation
vector describing lateral tiling. This double-layered shell model
shows a large internal vestibule, connected laterally by small
pores that will at least permit water to pass (Figure 3B). This
model better predicts the changes in the FRET signal as a func-
tion of acceptor dilution (where the signal is sensitive to more
distant interaction partners) than a single shell or dodecameric
model (Figure 3C). The key residues mediating the dodecameric
interactions—Arg92, Glu95, Glu98, Phe100, and Arg101—are
absolutely conserved among all CcmK2 orthologs (as well as
most CcmK1 orthologs) (Figure 3E), arguing that this interaction
is critical to the function of these proteins. Point mutations at
Glu95 disrupt the CcmK2-CcmK2 FRET signal, consistent with
the low-barrier hydrogen bond this residue mediates in the do-
decamer being critical to the overall complex. In addition,
labeling CcmK2 with bulky fluorophore groups on its concave
side (at position 36) severely disrupts the CcmK2-CcmK2 inter-
action, suggesting that these residues prevent interaction by
steric exclusion (Figure 3D). Together, these observations indi-
cate that the aD-mediated ring-ring interaction is critical for
CcmK2’s ability to strongly self-associate. It is worth noting
that this double-shell model is consistent with the available
measurements of b-carboxysomal shell thickness. Hilbert differ-
ential contrast transmission electron microscopy of Synecho-
coccus sp. PCC7942 carboxysomes measure the shell at
5–6 nm thickness (Kaneko et al., 2006), which is far closer to
the 6.5 nm value predicted by a double-shell model than the
2–3 nm thickness predicted for the single-shell layer (Kerfeld
et al., 2005). While it is formally possible that encapsulated
proteins adhering tightly to the shell could contribute to the
measured shell thickness, it seems unlikely: the only protein
abundant enough to uniformly coat the shell, RubisCO, is
11 nm in diameter and therefore by itself is double the measured
shell thickness. CcmM and CcaA are also too large, as well as
too low in abundance, to be contributing to the measured shell
thickness. In addition, these proteins show no predispositions
to continuous tiling with a geometry compatible with that ex-
hibited by the BMC proteins, making it difficult to see how they
could interact so seamlessly as to give the appearance of the
smooth, largely featureless sheet seen in electron micrographs.–1362, August 8, 2012 ª2012 Elsevier Ltd All rights reserved 1359
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shell, when compared with a single-layered shell, introduces
additional issues to the assembly and architecture of the
compartment. The inner and outer layers will meet at facet
edges and vertices with distinct geometries; this could possibly
necessitate mediation by distinct sets of protein interactions,
though it is also possible that edges and vertices are sealed
by strong interactions in only one layer. In addition, a single-
layered BMC shell has an intrinsic in/out polarity, with a struc-
turally distinct inner surface which could, for example, recruit
the proteins required to be encapsulated (PduP is targeted to
the pdu microcompartment by a short N-terminal extension;
this tag is likely recognized by the interior surface of a shell
protein [Fan et al., 2010]). A double-layered shell is locally
symmetric, making the inward/outward differentiation more
problematic—although it would neatly resolve the long-
standing question as to whether the convex face of the
CcmK abuts the interior or exterior of the b-carboxysome (Ker-
feld et al., 2005), with a paradoxical ‘‘both.’’ One possibility is
that the growing shell is recruited by the enzyme core, in which
case directed recruitment of encapsulated proteins to one side
of the shell is not required. Alternatively, larger scale structural
features, such as a positive curvature of the shell (a common
feature of large icosahedral viruses, e.g., Simpson et al.,
2003), and/or the asymmetric recruitment of different paralogs
to different faces, could break the 2-fold symmetry. Interest-
ingly, a double shell, where the inner and outer layers showed
slightly different lattice spacings—as previously observed in
different CcmK crystal structures (Kerfeld et al., 2005; Tanaka
et al., 2009)—would naturally introduce curvature into the shell.
Although a double-layered shell would increase metabolite
specificity over a single-layered shell (as two pores rather
than one need to be traversed), the main advantage would lie
in increased robustness, with both improved mechanical
stability and increased robustness in the face of defects.
b-carboxysomes reach up to 400 nm in diameter (Price and
Badger, 1991), comparable in size to the largest viruses, but
a single layer (2 nm) shell is very thin compared to the capsid
in comparably sized large dsDNA viruses (e.g., PpV01 capsid
protein contact along a 6 nm interface [Yan et al., 2005]), with
adjacent hexamers contacting each other along an edge that
is essentially one residue thick. A double-layered shell would
double the interaction interface, and the wide spacing of the
two contact layers would, for example, greatly increase
torsional resistance to buckling. Finally, because compromising
the permeability barrier presented by the shell would render a
carboxysome useless or even counterproductive (by promoting
CO2 leakage from the cell), defects in the shell introduced by an
error during assembly or accumulated by wear and tear are
a potentially serious problem. Given that each carboxysome
represents about 20% of the cell’s carbon fixation potential,
that carboxysomes are required to withstand generations of
use (Savage et al., 2010), and that each of the 4,400 BMC hex-
amers per shell layer (for the average sized Synechococcus sp.
PCC 7942 carboxysome [Long et al., 2007]) represent a sepa-
rate potential failure point, defect tolerance is likely a critical
consideration in carboxysome architecture. A double-layered
shell offers substantial advantages as the two layers act as
a redundant system, where a defect in one layer would be1360 Structure 20, 1353–1362, August 8, 2012 ª2012 Elsevier Ltd Alcompensated for by the second layer, preserving the shell’s
overall permeability barrier.
Despite evidence strongly suggesting that CcmK2 organizes
as double-layered sheet in vitro and the above arguments that
a double-layered shell is at least compatible with what little is
known about b-carboxysome organization (and may offer
some distinct advantages), there is insufficient evidence avail-
able to definitively conclude that this organization is present in
the mature shell. In mature carboxysomes, the shell proteins
are essentially irreversibly associated: CcmK2 from ruptured
b-carboxysomes migrates anomalously on SDS-PAGE gels
unless boiled in 4M urea (Long et al., 2010), and a-carboxysomal
BMC proteins are also highly recalcitrant to dissociation (Cai
et al., 2009). Purified recombinant CcmK proteins are in contrast
highly soluble, and the FRET experiments occur under condi-
tions in which associations are dynamic, allowing donor- and
acceptor-labeled populations to exchange. It is also worth
noting that protein crystal growth also necessarily occurs under
conditions in which interactions are dynamic and reversible, so
inferences from crystal packing are subject to the same limita-
tions. The limited stability of BMC protein interactions in these
biochemical experiments relative to those in the mature shell
suggests that we are likely observing something akin to early
assembly intermediates. The enhanced stability of the overall
shell might arise from synergistic interactions with other carbox-
ysomal proteins (either other shell components, or the encapsu-
lated proteins). Alternatively, microcompartment shells might,
once fully assembled, undergo a coordinated structural change
similar to what is commonly seen in phage capsid maturation
(Johnson, 2010). Therefore, although the ability to form
a double-layered sheet seems an intrinsic (and likely conserved)
feature of CcmK2, these interactions could, for example, be
required only to stabilize a de novo facet through the first stages
of assembly but later be dissociated. A more detailed under-
standing of the role of this interaction in the formation and archi-
tecture of the shell will require high-resolution tomographic
studies to complement the crystallographic and fluorescent
methods used to date.
EXPERIMENTAL PROCEDURES
Molecular Biology and Protein Expression, Purification,
and Quantification
Oligonucleotide primers (Sigma-Aldrich, St. Louis, MO, USA) were used to
amplify CcmK paralogs from T. elongatus BP-1 genomic DNA (a generous
gift of the Kazusa Research Institute, Japan) and ligated into either the BamHI
and NdeI sites of pET-28a, or the NdeI and XhoI sites of pET-22b (Table S1).
Site-directed mutagenesis was performed (Table S2) by amplifying the rele-
vant authenticated construct with the appropriate primer pairs using Pfu-Ultra
polymerase (Stratagene, La Jolla, CA, USA), followed by DpnI digestion (New
England Biolabs, Ipswich, MA, USA). Ligated/mutagenized vectors were
transformed into DH5a competent cells, and plasmids from selected colonies
were purified using the QIAprep Spin Miniprep kit (Qiagen, Venlo, the
Netherlands) and sequenced at the University of Guelph Molecular Super-
center. Authenticated plasmids were transformed into Rosetta cells (EMD
Biosciences, Darmstadt, Germany) and grown in 2YT media with 34 mg/ml
of kanamycin and 30 mg/ml of chloramphenicol at 37C. Expression was
induced by adding 100 mg/l isopropyl-1-thio-b-D-galactopyranoside once
A600 reached 0.8, and the cells were then grown overnight at 15
C. Cells
were harvested by centrifugation (4,000 g, 4C, 20 min), resuspended in
loading buffer (20 mM Tris [pH 7.9], 10% glycerol, and 0.5 M NaCl), and
were lysed by sonication. After centrifugation (12,000 rpm, 4C, 40 min), thel rights reserved
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column (Sigma-Aldrich) pre-equilibrated with loading buffer. After washing
with loading buffer, supplemented with 10 mM imidazole, the protein was
eluted using loading buffer with 0.5 M imidazole added. Protein was concen-
trated using spin columns, and the purity of the final prep was confirmed by
visual inspection of an overloaded SDS-PAGE gel. Purified protein was stored
in elution buffer at 80C until needed.
Protein Labeling and Steady-State Fluorescence Resonance Energy
Transfer Experiments
Site-directed mutagenesis was used to introduce cysteine residues into
nonconserved, surface-exposed positions, which were labeled with the
thiol reactive fluorophores 5-(amino)naphthalene-1-sulfonic acid (IAEDANS)
and 5-iodoacetamidofluorescein (5-IAF). After quenching the reaction with
b-mercaptoethanol or dithiothreitol, the protein was separated from excess
fluorophore by desalting. The quantity of dye present was determined using
dye absorbance, which was used in combination with the protein concentra-
tion to calculate labeling efficiency (listed in Table S2). The samples (100 ml
total volume) contained 1 mM IAEDANS-labeled donor protein and 10 mM
5-IAF-labeled acceptor protein (or the appropriate unlabeled control), were
prepared in buffer containing 20 mM Tris [pH 7.9], 10% glycerol, 0.5 M
NaCl, and 0.2 M imidazole, and were incubated at 55C for 40 min in the
dark. Fluorescence intensity was measured on a PTI fluorimeter at 460 nm,
with excitation at 350 nm. Further details of the experiments and the model
calculations are given in the Supplemental Experimental Procedures.
Crystallization and Structure Determination
All crystals were grown by sitting drop vapor diffusion with 1 ml of well solution
and 1 ml of protein. CcmK2 form-1 crystals were grown using 4.7 mg/ml
N-terminally His-tagged CcmK2 and a 30% PEG 2000 MME, 0.21 M
(NH4)2SO4 with 0.1MNa acetate (pH 4.6) well solution. CcmK2 form-2 crystals
used C-terminally His-tagged CcmK2 at 3.6 mg/ml, and a 0.2 M (NH4)2SO4,
25% PEG 4000, and 15% glycerol well solution. CcmK1D102 crystallized at
9.2 mg/ml, using a 0.2 M (NH4)2SO4, 25% PEG 3350 with 0.1M bis-Tris
(pH 5.5) well solution.
For all three crystals, surface liquid was removed by immersion in paratone
N oil, and crystals were then frozen in a liquid nitrogen stream at 100 K. Data
was collected at the Canadian Light Source (beamline CMCB) and processed
in HKL2000 (Minor et al., 2006) for CcmK2 forms 1 and 2, and by XDS for
CcmK1D102 (Kabsch, 2010). The structure of CcmK2 form-1was solved using
Molrep in CCP4, searching with one hexameric ring from theSynechocystis sp.
PCC6803 CcmK2 Glu52Gly structure (2A1B). Refinement was performed
using Refmac in CCP4 with each protomer being divided into five TLS bodies
(Winn et al., 2001, 2011). CcmK2 form-2 and CcmK1D102 were determined by
molecular replacement using a CcmK2 form-1 as a search model and were
refined in Phenix (Adams et al., 2002). CcmK2 form-2 was found to have
a twin fraction of 0.184 by operator [h,-h-k,-l]. All structures were rebuilt in
Coot (Emsley and Cowtan, 2004). Data collection and final refinement statis-
tics are reported in Table 2.
ACCESSION NUMBERS
Coordinates have been deposited at the PDB with accession numbers 3SSQ
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